Abstract Objective: To define whether the rs9939609 FTO (fat mass and obesity associated) single nucleotide polymorphism (SNP) is associated with anthropometric measurements and its modulation by educational level in a Mediterranean population. Methods: We studied 3 independent adult samples: a random sample (n Z 1580) from the general population (GP), obese hospital patients (OHP) (n Z 203) and elderly subjects (n Z 1027) with high cardiovascular risk (HCR). Weight and height were directly measured. Education and physical activity (PA) were measured using questionnaires. Results: The rs9939609 presented heterogeneous associations with BMI. In the GP, the minor Aallele was significantly associated with greater BMI, following a co-dominant pattern (P Z 0.009), whereas in the OHP this association was recessive (P Z 0.004). Conversely, we did not find a significant association with BMI in the HCR group (P < 0.596). In the GP we found a significant interaction between the FTO SNP and education (P Z 0.048). In the stratified analysis, no association of the FTO SNP with greater BMI in university subjects was detected (P Z 0.786), whereas the association was observed in non-university subjects (P Z 0.001). The FTO Â education interaction (P Z 0.020) was also observed in determining obesity risk in the GP. A-allele carriers had a greater risk of being obese only if they had no university education (OR: 1.56; 95%CI: 1.09e2.23 for TA and OR: 2.01; 95%CI: 1.27e3.26 for AA subjects). The interaction of the FTO with education remained significant even after adjustment for PA. Conclusions: The association of the FTO SNP with greater BMI and obesity risk in the GP was strongly modulated by education. ª
Introduction
Within the complex etiology of cardiovascular diseases and obesity, it has long been known that lower educational level is a shared risk factor [1e3] . Especially notable has been the recent increasing prevalence of obesity in subjects of lower educational level/socioeconomic status [4e7] . Although several studies have been carried out to investigate the differences in diet, exercise and other environmental variables among subjects with different educational level that may influence the risk of obesity [8e10], there have been very few studies that have investigated the genetic influence on the association between education and obesity-related variables, most of them being heritability studies conducted on twins [11, 12] . Thus, a study undertaken on Danish twins [12] , investigated how genetic and environmental variance in physical health differed with level of education, and concluded that education reduced the influence of genetic susceptibility to poor health, suggesting that this might take place because more educated people manage their environments better to protect their health. Concerning the analysis of specific loci, there is one study showing that a low educational level aggravated the association between the rs3809508 neuromedin B single nucleotide polymorphism (SNP) and the risk of obesity in the HELENA study [13] .
Genetic variation, namely the rs9939609 SNP, at the fat mass and obesity associated (FTO) gene has been frequently associated with common obesity [14e18]; however, not all the studies undertaken have found statistically significant associations between the FTO variant alleles and greater body mass index (BMI) [19e21] . Even in studies which have found significant associations between the rs9939609 and BMI, differences have been detected in the magnitude of the association depending on the population analyzed [14e18,22e24] . These studies are done with different ethnical backgrounds as well as with different demographic characteristics. Among the demographic characteristics, some studies have suggested that the effect could be greater in children and adolescents and lesser in elderly people [22e24] . Among the environmental interactions that may modulate the association of the FTO SNP with BMI, physical activity (PA) has been the most commonly studied. Several studies have found that low PA accentuates the effects of FTO risk-allele, whereas, high PA attenuates the association of that allele with greater BMI [24e26]. Nevertheless, not all the studies have been able to observe that modulation [27, 28] . Although PA has been related to education in some studies [29] [for example, participation in exercise and sports was positively associated with educational level in Eurobarometers [29] ], there is no published study that has examined the interaction between the FTO gene variation and education in determining the risk of obesity.
Taking into account the diversity of effects of the FTO SNP on BMI depending on the characteristics of the population as well as the gap in knowledge regarding the modulation of this association by education status, our aims were: 1) To study the association between the FTO rs9939609 SNP and BMI in three independent samples of the same Mediterranean population that differ in socio-demographic and anthropometric characteristics in order to estimate the homogeneity/heterogeneity of the association; 2) To study the interaction of educational level on the association of the rs9939609 SNP with BMI and obesity in these samples.
Methods

Subjects and study design
We included Caucasian subjects from three independent Mediterranean samples 1580 subjects from the general population (GP), 203 severely obese patients from a hospital (OHP) and 1027 elderly subjects with high cardiovascular risk (HCR). All participants gave their informed consent. The ethics committee of the University of Valencia approved the studies.
Subjects from the GP We studied 1580 unrelated subjects (757 men and 823 women) participating in a previous study (EPIGEM Study) aimed at ascertaining the prevalence of both genetic and environmental cardiovascular risk factors in this Mediterranean population [30] . Participants (aged 18e70 y; mean age: 41.2AE13.8 y) were apparently healthy, unrelated subjects residing or working in the Valencia region (East Mediterranean coast of Spain), recruited between 2000 and 2006.
OHP We studied 203 unrelated obese patients (37 men and 166 women), aged 18e68 y (mean age: 46.3AE14.7 y) referred to the Endocrinology Unit of the University General Hospital in Valencia (from May 2001 to June 2003), for diagnostic and weight reduction treatments related to obesity and who agreed to take part in the study, as previously described [31] . Prevalence of morbid obesity (BMI>Z40 kg/m 2 in this sample was 51%).
Elderly subjects with HCR 1027 unrelated subjects (325 men and 582 women), aged 55e80 y (mean age: 67.3AE6.4 y) who participated in the PREDIMED (Prevención con Dieta Mediterránea) study and were consecutively recruited in the Valencia Region from October 2003 to December 2008 were included. Details of this study have been previously reported [32] . Briefly, participants were elderly community-dwelling persons who fulfilled at least 1 of 2 criteria: type 2 diabetes or 3 or more cardiovascular risk factors (current smoking, hypertension, dyslipidemia, overweight, or a family history of premature cardiovascular disease). 
Anthropometric and clinical determinations
Education, physical activity and other lifestyle variables
The same questionnaires were used for both the GP and OHP, and data of demographic variables, education, and PA, were assessed as previously reported [30, 31] . Questions on education were divided into 5 categories illiterate, primary, secondary, university I (3 years), and university II (5 years or more), and further recoded into 3-categories: primary, secondary and university. PA was estimated from questions about regular leisure time physical activities (aerobics, basketball, cycling, gymnastics, running, soccer, squash, swimming, tennis, volleyball, and others), as well as the average number of hours per week spent on each activity. According to the type and time, subjects were categorized as sedentary (no physical exercise), moderate (1 sport less than 3 h/wk) and high (1 sport more than 3 h/ wk or more than 2 sports per week), as previously described [33] . For interaction analyses, PA was also dichotomized as sedentary versus active (moderate and high).
In the HCR subjects, socio-demographic factors and lifestyle variables were assessed at baseline as previously detailed [32] . Questions on educational level were also asked in the form of 5-answer options. They were then divided into three categories (primary, secondary and university). PA was estimated by the Minnesota Leisure Time Physical Activity questionnaire, in its version validated in Spain [32] . Thus the total amount of PA performed during the preceding year was assessed from a list of activities, and daily average energy expenditure in Kcal/d was calculated. Population tertiles of total PA were considered (<106 kcal/d, 106e213 kcal/d and >213 kcal/d).
DNA extraction and genotyping
Genomic DNA was isolated from blood. The rs9939609 FTO SNP was determined in the same laboratory using a 7900HT Sequence Detection system (Applied Biosystems by Life Technologies) and a fluorescent allelic discrimination TaqMan assay by standard procedures. For quality control purposes, 10% of randomly selected samples were genotyped a second time, and there were no discrepancies. All populations were in HardyeWeinberg equilibrium (P Z 0.868 for GP, P Z 0.226 for OHP and P Z 0.348 for HCR subjects).
Statistical analysis c
2 tests were used to test differences in percentages. We applied analysis of variance and the t tests to compare crude means. Co-dominant, dominant and recessive models were tested. Multivariate adjustment was undertaken by linear regression analysis. To study geneeenvironment interactions in determining BMI, we used multivariate linear regression models, including main effects and interaction terms. Regression coefficients and adjusted means for each predictor were estimated. Logistic regression models were fitted to estimate the odds ratio (OR) and 95% confidence intervals (CI) of obesity associated with the presence of each genetic variant as compared with the wild-type. Multiple logistic regression models were also fitted to control for the effect of covariates and effect modifiers as well as to test the interaction between the SNP and educational level and PA. Analyses were performed using the SPSS statistical software, version 17.0 (SPSS Inc, Chicago, Illinois). Significance was considered at the level of P < 0.05.
Results
Association between the FTO rs9939609 polymorphism and anthropometric variables
General characteristics of the study subjects are shown in Table 1 . GP subjects had a mean age 41.2AE13.8 y and BMI of 26.0AE4.7 kg/m 2 (prevalence of obesity was 17.7%). The mean age of OHP was slightly higher (46.3AE14.7 y) with a very high mean BMI (41.8AE8.4 kg/m 2 ). The educational level of OHP was lower than that of the GP. In elderly HCR subjects mean BMI was 30.1AE4.0 kg/m 2 , with a high prevalence of obesity (49.1%) and lower educational level than the GP.
We observed ( Table 2 ) that the FTO SNP was strongly associated with greater weight, BMI and waist circumference in the GP. This association followed a co-dominant model, BMI increasing by þ0.5 (SE: 0.2) units per risk-allele (P Z 0.009). A greater prevalence of obesity was also observed when A-allele carriers were grouped and compared with TT subjects (P Z 0.038). These results maintained statistical significant following adjustment for sex, age, smoking and diabetes. In OHP, the association of the FTO SNP with anthropometric measurements was recessive. No differences were observed between the TT and TA subjects, the presence of two A-alleles being necessary in order to observe higher differences in means. In HCR subjects no significant differences in means of weight, BMI and waist circumference depending on the FTO SNP were observed. Neither was any association with the prevalence of obesity found. The statistical significance of results did not change after multivariate adjustment for sex, age, smoking and diabetes. Further adjustment of these models for PA and education did not change the statistical significance of results. Interaction between the FTO SNP and education in determining BMI and obesity risk
Firstly, we studied the interaction between educational level expressed in 3-categories and the FTO SNP in determining BMI in the GP (Fig. 1A) . The interaction term between the FTO SNP and education did not reach the statistical significance (P Z 0.152) when 3-categories of educational level were considered. Thus, in the stratified analysis by educational level, we observed that the association between the A-allele and higher BMI in the GP was present in individuals with primary (P Z 0.029) and secondary studies (P Z 0.028), but not in university level subjects (P Z 0.786). Hence, we decided to group primary and secondary studies together and to create a variable with 2-categories: non-university and university studies. This variable presented a statistically significant interaction term with the FTO SNP (P for interaction 0.048) in determining BMI in the GP (Fig. 1B) . In OHP, this interaction was also studied, but no AA individuals with university studies were found. OHP were analyzed jointly with the GP, introducing population origin as a covariate in the statistical model. Again, a statistically significant interaction term (P Z 0.043) was obtained between the FTO SNP and educational level in determining BMI (Fig. 1C) . In the stratified analysis, the FTO SNP was associated with higher BMI in non-university individuals (P < 0.001), but not in university level subjects (P Z 0.760). In elderly subjects with HCR (Fig. 1D) , no statistically significant interaction of education with the FTO SNP in determining BMI was detected (P for interaction 0.839). The statistical significance of the interactions terms did not change after additional adjustment of the corresponding models for PA. Moreover, we studied the interaction between the FTO SNP and PA on BMI (Supplementary Fig. S1 ) and did not observe any significant interaction term between PA levels (sedentary versus active) and the FTO SNP in determining BMI in the GP (P Z 0.617). However, in HCR subjects, we found a statistically significant interaction term (P Z 0.045) when we considered the first tertile of PA (sedentary) versus the others. The statistical significance of the interaction terms between education and the FTO SNP did not change after additional adjustment for the interaction between FTO and PA (not shown).
In terms of obesity, we found a clear inverse association between education and obesity risk in the GP (Table 3) . Subjects with university education had a lower obesity risk (OR: 0.37; 95%CI: 0.25e0.54) than did subjects with primary studies. Likewise, AA subjects had a higher obesity risk than TT homozygotes. No significant association was found for TA subjects in the whole population. On analyzing the interaction term between the FTO SNP and education, we found a statistically significant interaction (P for interaction: 0.020) in determining obesity in the GP. In the Figure 1 Adjusted means of BMI in subjects from the Mediterranean population depending on the educational level and the rs9939609 FTO polymorphism (3-categories, primary, secondary and university) in: (A) general population and educational level expressed as a 3-categories variable (n Z 1580); (B) general population (n Z 1580) and educational level expressed as a 2-categories variable (non-university versus university level); (C) obese hospital patients analyzed jointly with the general population (n Z 1783); (D) elderly subjects with high cardiovascular risk (n Z 1027). Models were adjusted for sex, age and origin of the sample. P values for the interaction terms between education categories and the rs9939609 FTO polymorphism (3-categories) were estimated in the multivariate adjusted model. P values for mean comparison in each education stratum were also adjusted for the same covariates. Additional adjustment for smoking, diabetes or physical activity did not change the statistical significance of the interactions. Bar: SE of means. stratified analysis by educational level in the GP we observed that in individuals without university studies, then FTO SNP was associated with higher obesity risk both in TA (OR: 1.56; 95%CI: 1.09e2.23) and in AA subjects (OR: 2.01; 95%CI: 1.27e3.26). However, in individuals with university studies, no significant associations between the FTO SNP and obesity risk were found, and even a change in the direction of the effect associated with the A-allele was detected. In the joint analysis of both the GP and OHP, we also observed a statistically significant interaction term between education and the FTO SNP in determining obesity risk (P for interaction Z 0.023). No significant interaction was obtained in the HCR subjects (P Z 0.957 for the interaction term between the FTO SNP and education). The statistical significance of these estimations did not change after additional adjustment for PA (not shown).
Discussion
In this study, carried out on 3 independent samples of the Mediterranean population, we have observed that the association between the FTO SNP and BMI is heterogeneous, depending on the characteristics of the sample and has an important modulation by education. In the GP, we have found a strong association of the A-allele with greater BMI, following a co-dominant model. In the OHP with a high percentage of morbid obesity, the FTO SNP has also been significantly associated with greater BMI, following a recessive model. However, in the elderly population no significant association was observed.
The FTO has been associated with obesity in numerous, but not all [19e21] populations; however, the magnitude of the association varies depending on the sample and the ethnical background [14e18,22e24]. The lack of significant association seen in the sample of elderly subjects finds support in a previous study carried out in the MRC National Survey of Health and Development [22] which has shown that the association of the FTO SNP on BMI diminishes with age. Likewise, Qi et al. [23] , also observed a lesser association of the FTO SNP in elderly women. In addition to the age influence, other environmental variables could be having an important influence on the attenuation of the FTO association. Among these environmental variables, some significant interactions have been reported for PA [24e26] . However, we have not found a significant interaction with PA in the GP in determining BMI. In the elderly population, we did find a weak interaction. One limitation of our work is that PA has been measured through questionnaires instead of directly employing objective measurements. This may have Table 3 Odds ratios for obesity by educational level and the FTO rs9939609 in the GP and stratified analysis of the association of the FTO SNP depending on education in the GP and in the joint analysis including obese hospital subjects. led to a misclassification of the amount of PA undertaken and could have an influence on the results obtained. Interestingly, we did find a statistically significant interaction between the FTO SNP and education. As far as we know, this is the first time that a significant interaction between the FTO SNP and educational level in determining BMI and obesity is reported. The statistical significance of this interaction remains when the GP and OHP samples are included in a joint analysis. Although there is ample evidence that educational level is an important environmental variable associated with obesity and cardiovascular risk [1e7], there have been scarcely any studies that have examined the interaction of this variable with the effects of genetic variability in determining BMI [11e13], the exception being a recent publication by Holzapfel et al. [34] , that investigates the association between SNPs in the TMEM18 and FTO genes with educational level as well as income; however, the authors did not formally analyze the interaction between these SNPs and education in determining BMI and obesity, and we cannot compare our results with theirs [34] .
Our findings in the GP could be explained by the fact that a higher level of education is normally accompanied by a series of healthier lifestyles [6e9]. These lifestyles may mask the greater genetic susceptibility to increased weight in susceptible individuals. This less obesogenic lifestyle would not include only PA, but also diet, free time activities, stress, sleeping patterns and other variables associated with higher education.
In our elderly population, the interaction term with educational level did not reach statistical significance, possibly due to the low number of subjects with university education. However, as result of the different age mean between the GP and the elderly population, other factors related to the characteristics of the Spanish society in different generations could have an influence. Most individuals in the elderly cohort were born in the period following the Spanish Civil War (ended in 1939), when food was very scarce. This great scarcity of food may have masked the genetic effects of the A-allele, in contrast to what would be expected in a situation of greater food availability, as in later generations which are those that most make up the majority GP sample. Regarding this historical fact, a lower educational level in our elderly population used to be associated with higher level of PA as they had to do work harder, whereas a higher educational level would allow one to enjoy a more comfortable situation with more sedentary work and greater food intake. Later, this situation was reversed and currently greater food intake and sedentarism are detected in subjects with lower education.
In conclusion, we have detected heterogeneity in the association of the FTO SNP with anthropometric measurements depending on the characteristics of the sample even within a single geographical area and ethnicity. Moreover, our most important result has been the finding of an interaction between educational level and FTO SNP. Despite the important associations of the FTO SNP with anthropometric measurements in the GP, this association was not present in subjects of university education, so indicating that, although there is a certain degree of genetic susceptibility to greater weight conferred by the A-allele, subjects with higher educational level are capable of undertaking a series of lifestyle behaviours that would consist not only of more PA, but also in a series of healthier conducts that could minimize the impact of the obesogenic environment and neutralize the influence of that strong genetic susceptibility.
